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Abstract.
In this study, the feasibility of difference imaging for improving the contrast of
electronic portal imaging device (EPID) images is investigated. The difference imaging
technique consists of the acquisition of two EPID images (with and without the
placement of an additional layer of attenuating medium on the surface of the EPID) and
the subtraction of one of these images from the other. The resulting difference image
shows improved contrast, compared to a standard EPID image, since it is generated
by lower-energy photons. Results of this study show that, firstly, this method can
produce images exhibiting greater contrast than is seen in standard megavoltage EPID
images and that, secondly, the optimal thickness of attenuating material for producing
a maximum contrast enhancement may vary with phantom thickness and composition.
Further studies of the possibilities and limitations of the difference imaging technique,
and the physics behind it, are therefore recommended.
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1. Introduction
A recognised advantage of the use of electronic portal imaging devices (EPIDs) for
radiotherapy treatment verification is the ability to use the megavoltage treatment
beam to image the patient being treated (vanEsch et al. 2001, Antonuk 2002, Fielding
et al. 2004). This allows the shape and location of the field to be matched to the patient’s
bony anatomy, so that any misalignment can be corrected. However, because the beam
is optimised for treating cancer rather than for imaging anatomy, the poor contrast
achievable using megavoltage EPID imaging is currently leading to a growth in the use
of other imaging modalities. For example, kilovoltage x-ray units can be attached to the
linac gantry and used to obtain pre-treatment 2D x-rays or 3D cone-beam CT images
of the patient anatomy (Owen et al. 2007, Borst et al. 2007, Nijkamp et al. 2008). Such
kilovoltage xray systems produce higher-contrast images in which changes to internal
anatomy can be observed, but since they do not use the treatment head to collimate
the beam, the advantage of being able to directly verify the shape and position of the
treatment field is lost.
One solution to this problem is to modify the linear accelerator by including an
alternative photon source which is optimised for imaging, so that verification images
can be produced using kilovoltage photons and collimated to the shape of the treatment
field (Flampouri et al. 2002, Flampouri et al. 2005, Roberts et al. 2008). Whereas this
technique has been shown to improve EPID image contrast, the required modification
of the treatment head means that this technique is unlikely to find broad clinical use.
The aim of this study, therefore, is to investigate a technique which does not involve
permanently altering either the photon source or the detector, but which could be used
clinically to improve the contrast available from megavoltage EPID images.
In this work we investigate the feasibility of using difference imaging to improve
contrast in EPID images. The difference imaging procedure involves the acquisition
of a ‘standard’ EPID image, followed by a second image in which an extra layer of
attenuating material (copper plate) is placed between the phantom and EPID. The
‘difference image’ is the result of subtracting the latter image from the former and is
generated by the preferential attenuation of low energy photons by the attenuator. This
is analogous to the filter difference technique used in deep inelastic neutron scattering
where gold or uranium foils with strong well defined neutron absorption resonances are
used to preferentially select neutrons of a particular energy in the study of condensed
matter (Fielding & Mayers 2002). A similar image subtraction technique has also been
used previously to remove x-ray CT ring artifacts from gel dosimetry images (Trapp
et al. 2001, Trapp et al. 2004).
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2. Methods and Materials
2.1. Difference Imaging
Experimental measurements used in this study were made using an Elekta Precise linear
accelerator (Elekta Ltd, Crawley, UK), producing a photon beam with a nominal energy
of 6 MV. The associated electronic portal imaging device was an Elekta iView GT a-Si
EPID, mounted on the linac gantry such that its active surface was fixed ' 160 cm from
the photon source.
Each exposure used in this study was aquired using at least 20 MU at a nominal
dose rate of 600 MU/min. (20 MU was used to image the quality assurance phantom and
100 MU was used to image the two humanoid phantoms.) The relatively high imaging
doses used in this study were chosen to conform with previous EPID imaging studies
(Parent et al. 2006, Kairn et al. 2008), but the frames recorded for each image were
summed rather than averaged. This deviation from standard EPID imaging procedure
produces images where the proportion of noise in each frame is preserved in the final
image; the signal-to-noise ratio is not improved by the use of a high imaging dose.
The resulting images were automatically dark-field and flood-field corrected (Parent
et al. 2006), but not automatically normalised (Kairn et al. 2008). The images were
stored in the Heimann information system (HIS) format for analysis using in-house code
written in the Interactive Display Language, IDL (ITT Visual Information Solutions,
Boulder CO).
Figure 1. Diagram of experimental setup, showing locations of copper plates. (Note
that in this study the copper is placed either in the elevated position or in the on-EPID
position, but it is never placed in both positions as it is shown here.)
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Phantoms imaged in this study included a Pips Pro QC-3 EPID quality assurance
phantom (Standard Imaging Inc, Middleton, USA) and two humanoid phantoms
(Supertech, Elkhardt, USA). One humanoid phantom was comprised of a human skull,
without cervical spine, set in a head-shaped block of opaque tissue-equivalent plastic,
with lower-density materials filling the cranium and the oral and nasal cavities. The
other was comprised of a human pelvic bone with upper femurs, set in a pelvis-shaped
block of perspex. All phantoms were set up isocentrically and imaged using 25×25 cm2
anterior fields.
40×40 cm2 square plates of copper were also placed in the path of the beam,
producing total thicknesses of 0.25, 0.50 and 1.10 cm. Difference images of the Pips
Pro quality assurance phantom were obtained with each of these three thicknesses were
located approximately 12 cm below the phantom, supported by the C-arms of the Elekta
treatment couch (refered to herein as the ‘elevated’ configuration). Images of the Pips
Pro phantom as well as the humanoid phantoms were also obtained with the 0.25 and
0.50 cm thicknesses of copper located directly on top of the EPID’s external housing,
approximately 3 cm from the detector’s active layer (refered to herein as the ‘on EPID’
configuration). These two configurations are shown together in Figure 1. The activation
of a collision interlock prevented the placement of the 1.1 cm thick plate of copper
directly onto the surface of the EPID’s external housing.
The difference-imaging technique consists of the following procedure (see Figure
2): image the phantom with the unmodified EPID (expected to produce an image
generated from megavoltage and kilovoltage photons); image the phantom with an extra
copper plate placed on top of the EPID (expected to produce an image generated from
predominantly megavoltage photons); and subtract the latter image from the former
(producing a difference image generated from predominantly kilovoltage photons).
Figure 2. (a) Image of the head phantom, generated using 25 × 25 cm2 field and
unmodified EPID. (b) Image of the head phantom, generated using 25× 25 cm2 field
and EPID with 0.5 cm thickness of copper placed directly on external housing. (c)
Image resulting from subtracting image (b) from image (a).
2.2. Contrast Evaluation
Contrast (C(x, y)) and contrast-to-noise ratio (CNR(x, y)) are evaluated in the
images listed in Section 2.1 using two-dimensional versions of the contrast and CNR
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Figure 3. Images of (a) the Pips Pro phantom, (b) the head phantom and (c) the
pelvis phantom, generated using 25 × 25 cm2 field and unmodified EPID. In (a), (b)
and (c), shaded areas indicate the (relatively homogeneous) reference regions used
as background when evaluating contrast (see equations 1 to 3), in (a) regions labelled
‘low’, ‘med’ and ‘high’ indicate sample regions that have low, medium and high contrast
with the background, respectively, and in (b) and (c) solid lines indicate the locations
of profiles shown herein.
equations used in previous portal imaging studies (Menon & Sloboda 2004, Flampouri
et al. 2002, Flampouri et al. 2005, Roberts et al. 2008):
C(x, y) =
Iref − I(x, y)
Iref
; (1)
and
CNR(x, y) =
Iref − I(x, y)
σref
. (2)
Here, I(x, y) is the signal detected at each pixel (x, y) across the EPID panel, whereas
Iref and σref are the respective mean and standard deviation of the signal evaluated in
a single 2 cm2 reference region representing the image ‘background’ for each phantom.
These values of Iref and σref are also used to evaluate the background signal-to-noise
ratio, |SNR| in each region;
|SNR| = |Iref |
σref
. (3)
Figure 3(a) shows the location of this reference region (as a filled square) for the images
of the Pips Pro quality assurance phantom, in addition to three regions of interest for
which the mean contrast values and their standard deviations were evaluated. Figures
3(b) and (c) show the locations of the reference regions (as filled squares) for the images
of the head and pelvis phantoms. These regions were chosen so that the background
region in each image is approximately homogeneous.
In order to provide an indication of the possible effects of anatomy (specifically,
the composition and thickness of the phantoms imaged) on the results of this difference
imaging analysis, the standard EPID image of each humanoid phantom was converted
into a two dimensional map of radiological thickness. Here, a method described by Kairn
et al (Kairn et al. 2007, Kairn et al. 2008) was used to perform a pixelwise evaluation
of poly(methyl methacrylate) (PMMA) equivalent path length through each phantom.
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2.3. Spectral Analysis
Underlying the difference imaging concept is the assumption that low energy photons
can be effectively filtered by the placement of copper plates between the patient and
the EPID. To test this assumption, Monte Carlo simulations were used to generate the
requisite beam spectra. The BEAMnrc Monte Carlo code (Rogers et al. 1995, Rogers
et al. 2004) was used to model the Elekta Precise linear accelerator, including a
comprehensive model of the iView a-Si EPID (Kairn et al. 2008). A 30 cm thick block
of plastic was also modelled, placed isocentrically in the path of the beam, to generate
realistic patient scatter. A series of BEAMnrc simulations was run, with copper plates
(with thicknesses of 0.25, 0.50 and 1.10 cm) located directly below the phantom and
directly on top of the EPID’s housing. For comparison, a simulation was also run using
the standard EPID setup, without the extra copper plate.
At a plane on the surface of the EPID’s active layer, a phase-space file (containing
the positions, trajectories, charges and energies of all of the particles crossing that plane)
was recorded, for each simulation. An energy spectrum for each beam as it entered
the active layer of the detector was then obtained from each of these phase-space files
using the BEAMDP code (available through the BEAMnrc distribution). Each energy
spectrum was normalised to the maximum value obtained using the standard setup.
3. Results and Discussion
Table 1. Contrast (calculated using equation 1) between reference region and regions
of low, medium and high contrast, in images of the Pips Pro quality assurance phantom.
Images were obtained using the standard method (top row of table) as well as the
difference imaging method (‘Diff’) with copper plates placed on the C-arms of the
couch (‘elevated’, central section of table) and with copper plates placed directly on
the housing of the EPID (‘on EPID’, lower section of table), as shown in Figure 1.
Low contrast Med contrast High contrast
Image type region region region
Standard 0.40±0.03 0.56±0.06 1.07±0.09
Diff. 0.25 cm Cu, elevated 1.1±0.3 1.5±0.3 3.1±0.5
Diff. 0.50 cm Cu, elevated 1.1±0.1 1.4±0.2 2.9±0.2
Diff. 1.10 cm Cu, elevated 0.89±0.08 1.18±0.09 2.4±0.1
Diff. 0.25 cm Cu, on EPID 1.4±0.2 1.8±0.3 3.6±0.4
Diff. 0.50 cm Cu, on EPID 1.8±0.4 2.6±0.5 5.6±0.8
Effects of different thicknesses of copper on the contrast values achievable using the
Pips Pro EPID quality assurance phantom are shown in Table 1. These results show an
increase in contrast in the difference images compared to the images obtained using the
standard method, and suggest that the location of the copper plates can also affect the
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contrast observable in the difference images. When the difference images are obtained
with the copper placed directly on the housing of the EPID (lower section of Table 1),
the contrast between the reference region and each of the other regions is greater for a
copper thickness of 0.5 cm than for a copper thickness of 0.25 cm. When the difference
images are obtained with the copper placed on the C-arms (central section of Table 1),
the resulting contrast shows no clear relationship with the thickness of copper used and
is consistently less than that achieved using the difference technique with the copper
placed on the EPID. The reason for the dependence of contrast enhancement on copper
position is suggested by the beam spectra shown in Figures 4(a) and (b).
Figure 4. Spectra determined from Monte Carlo simulations of difference imaging
setups with (a) the copper placed beneath the phantom (inset shows detail) and (b)
the copper placed on top of the EPID. In each figure, the heavy solid line is the
spectrum for the standard setup, the light solid line is the spectrum for the setup with
0.25 cm of copper, the dashed line is the spectrum from the setup with 0.50 cm of
copper and the dotted line is the spectrum from the setup with 1.10 cm of copper.
(Data points at 511 keV are omitted for clarity.)
The energy spectra illustrated in Figure 4(a) suggest that placing the copper far
from the EPID, directly below the patient, results in a suppression of fluence across a
wide range of energies, with the degree of suppression increasing with copper thickness.
The energy spectra illustrated in Figure 4(b) suggest that placing the copper on the
surface of the EPID, around 3 cm from the active layer, results in a preferential
supression of fluence at the low energy end of the spectrum, with the degree of supression
only weakly related to copper thickness. When the copper is placed on top of the EPID,
the resulting difference images can be expected to have a higher low-energy contribution
than the standard images and a proportionally higher low-energy contribution than the
difference images obtained with the copper placed far from the EPID. (These effects may
be compounded by the known increased sensitivity of the EPID to low-energy photons
(Kirkby & Sloboda 2005).) Consequently, in the following examination of difference
images of humanoid phantoms, the copper plates are placed directly on top of the
EPID’s housing.
Figures 5(a), (b) and (c) illustrate profiles through C(x, y), calculated for the head
and pelvis phantoms using the standard, unmodified EPID image as well as using the two
difference images produced for each phantom. Figure 5(a) shows that when a difference
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Figure 5. Contrast profiles for (a) the head phantom, (b) the head phantom, on
a coarser scale, and (c) the pelvis phantom. Values are calculated for the standard
images (solid diamonds), the difference images generated using 0.25 cm of copper (open
squares) and the difference images generated using 0.50 cm of copper (open triangles,
shown in (b) and (c), but omitted from (a) for clarity).
Contrast enhancement of EPID images via difference imaging 9
image is calculated for the head phantom using the EPID image generated through
0.25 cm of copper, the contrast is more than doubled compared with the contrast in
the standard EPID image. Similarly, Figure 5(b) also shows a radical increase in the
contrast apparent in the image of the head phantom when a difference image is created
using 0.50 cm of copper. When the difference imaging technique is used to image the
pelvis phantom, the contrast increases, as shown in Figure 5(c).
Figures 5(a) to (c) suggest that application of the difference imaging technique to
the head phantom using 0.50 cm of copper as the attenuating medium produces an image
with the greatest contrast of any of the images studied here. This image, however, is
also subject to the largest proportion of noise, as is apparent from the confidence limits
on the data in Figure 5(a) and is also shown by data in Table 2.
Table 2. |SNR| for reference background regions, in images obtained using the
standard method (‘Standard’) as well as the difference imaging method (‘Diff’) with
copper plates placed directly on the housing of the EPID.(Locations of these reference
regions are shown in Figures 3 (b) and (c)).
Image |SNRhead| |SNRpelvis|
Standard 114 85.2
Diff. 0.25 cm Cu, on EPID 11.2 11.7
Diff. 0.50 cm Cu, on EPID 0.35 13.3
Table 2 lists values of SNR for the various images studied here. These values show
that application of the difference imaging technique produces images that are affected
by a noticeable decline in SNR below the level observable in the standard images.
The effects of this decline in SNR are shown in Figures 6(a) and (b), which illustrate
profiles across CNR(x, y), calculated for the head and pelvis phantoms using the
standard, unmodified EPID image as well as using the two difference images produced
for each phantom.
In Figures 6(a) and (b), the CNRs arising from the use of the difference imaging
technique are similar to the CNRs apparent in the standard images of the head and
pelvis phantoms (except for the regions within approximately 5 cm of the edge of the
EPID, where uncorrected scatter affects the difference images). This general similarity
indicates that the increase in contrast shown in Figures 5(a) and (b) is balanced by
the decrease in |SNR| listed in Table 2. This increase in relative noise arises from the√
2 increase in noise that is expected to occur in difference images, due to additive
uncertainties (Trapp et al. 2001), combined with the reduced signal in the difference
images compared with the standard EPID images.
The preceding analysis suggests that contrast improvements are accompanied by
increases in noise, however a qualitative analysis of the images themselves (shown in
Figures 7(a) to (e)) suggests that the contrast enhancement, rather than the noise
increase, can produce the greatest effect on overall image quality and clarity.
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Figure 6. CNR profiles for (a) the head phantom and (b) the pelvis phantom. Plot
symbols are as defined for Figure 5.
Examination of Figures 7(a), (b) and (c) indicates that whereas all three images
show major skull features such as the cranium, orbits, nasal septum and mandibles,
the difference image created using 0.50 cm of copper (Figure 7(c)) shows the clearest
representation of more-subtle features such as the lesser and greater sphenoid wings
(behind the orbits of the eyes) and the details of the crista galli and stella turcica (at
the bridge of the nose). This image is also the only image of the head phantom in which
the vertical line of the sagital suture can be identified.
By contrast, examination of Figures 7(d), (e) and (f) indicates that the difference
image produced using 0.50 cm of copper (Figure 7(f)) provides less clear anatomical
information than the difference image produced using 0.25 cm of copper (Figure 7(e)).
Generally, the standard image (Figure 7(d)) is as clear as the difference image produced
using 0.25 cm of copper (Figure 7(e)), except where the standard image shows flaring
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Figure 7. EPID images of the head phantom ((a), (b) and (c)) and the pelvis phantom
((d), (e) and (f)), obtained using: the standard procedure for (a) and (d); the difference
imaging technique using 0.25 cm of copper for (b) and (e); and the difference imaging
technique using 0.50 cm of copper for (c) and (f).
into the groinal region from the bright region between the legs (where the beam is
attenuated by nothing but air) which partially obscures the superior and inferior rami
of the ischial bones. This flaring is not present in either of the difference images and
the entirety of the ischial bones are visible in the difference image generated using 0.25
cm of copper (Figure 7(e)).
Figure 8. PMMA-equivalent path length profiles for (a) the head phantom and (b)
the pelvis phantom.
Despite the presence of increased noise, the difference image of the head phantom
created using 0.50 cm of copper and the difference image of the pelvis phantom
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created using 0.25 cm of copper both permit easier visual interpretation of anatomical
information than can be achieved using the standard images of these phantoms.
That different thicknesses of copper produce different effects when used to image
different phantoms is indicative of the sensitivity of this method to the beam hardening
which occurs as the beam passes through the phantom. Physically, the thickest part of
the head phantom is around 5 cm thicker than the thickest part of the pelvis phantom.
However, data shown in Figures 8(a) and (b) indicate that the radiological thickness of
the pelvis phantom (illustrated as a PMMA-equivalent path length) is 1.5 to 2 times
greater than the radiological thickness of the head phantom. The optimisation of the
thickness or composition of the attenuating medium for different patient (radiological)
thicknesses is an opportunity for further research, which may be conducted using further
experimental studies or by utilising verified Monte Carlo simulation models of the linac,
phantom and detector (Siebers et al. 2004, Parent et al. 2006, Kairn et al. 2008).
Figure 9. Suggested clinical setup for obtaining anterior-posterior and lateral
difference images of patient anatomy.
The engineering challenge of implementing an automated system for producing
these difference images provides an additional opporunity for further research. An
efficient procedure for applying the difference imaging technique could include the use
of a simple robotic system, to move the attenuating plate into and out of the path of
the radiation beam. This system could build on the work of Allgower et al (Allgower
et al. 2007), who developed a method for imaging patient anatomy during proton beam
treatments by using a small industrial robot to remotely position a digital radiographic
panel. A simpler and less expensive setup for obtaining anterior-posterior and lateral
difference images for patient position verification is shown in Figure 9. This setup
uses a pair of copper screens, which can be placed (or preferably wheeled) into their
positions on the surface of the EPID. Because the illustrated system requires at least
one member of the treatment staff to enter the radiotherapy bunker, between the two
EPID image acquisitions, this procedure could only be used in circumstances where the
patient position is well stabilised. For example, this procedure could be used for the
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verification of head-and-neck and cranial treatments, including stereotactic radiosurgery,
where high doses, small fields and the presence adjacent critical structures (including
the brain itself) mean that accurate patient positioning is especially important (Schell
et al. 1995, Kairn et al. 2010).
4. Conclusions
The potential utility of the difference imaging technique for enhancing contrast in
megavoltage EPID images (without altering the photon source) has been demonstrated
here, through the analysis of a small number of standard and difference images of quality
assurance and humanoid phantoms.
Results of this study show that this method is capable of producing observable
increases in contrast in megavoltage EPID images. These increases in contrast are
accompanied by increases in the levels of noise affecting the images. Nevertheless,
qualitative examination of the various images shows that the appearance of subtle
anatomical structures can be clarified by using the difference imaging technique.
This study also suggests that the optimal thickness of attenuating medium for
producing maximum contrast enhancement may vary with phantom thickness and
composition. The optimisation of the difference imaging technique, in terms of the
thickness and location of attenuating media, along with the investigation of the effects of
spectral variation on the difference images remain areas for experimental or simulation-
based investigation.
Additionally, the utility of this procedure as a component of patient treatment
should be verified by testing the method at low numbers of monitor units and by
investigating possible designs for an automated treatment-room difference imaging
system.
This feasibility study has shown that the difference imaging technique has the
potential to improve the contrast available from megavoltage EPID images, for
radiotherapy treatment verification. Further studies of the possibilities and limitations
of this technique, and the physics behind it, are recommended.
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